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Abstract - The spatial and temporal distribution
of new and young sea-ice types are of particular
interest because of the influence this can etiert
on the heat and mass balance of the Polar sea ice
packs. The objective of the present work is to
characterize the temporal evolution of the
electromagnetic signatures of sea ice from initial
formation through the development of first-year
ice on the basis of the temporal variations in the
physical properties of the ice. Time series of
young sea ice signatures including microwave
emissivity, radar backscatter, and visible and
infrared spectral albedo have been measured at
successive stages in the growth and development
of sea ice both under laboratory and field
conditions. These observations have been
accompanied by studies of the physical
properties that influence the interaction between
radiation and the ice. This has resulted in a
consistent data set of concurrent multispectral
observations that covers essentially all phases of
the development of the different types of sea ice
from initial formation through thick first-year
ice. Mutually consistent theoretical models
covering the entire wavelength range of the
observations are applied to selected cases and
successfully match the observations. Principal
component analysis of the data set suggests

combinations of the set of sensors to effectively
distinguish among different stages in the
evolution of the ice.

I. INrRowc’I’]oN

An understanding of the electromagnetic

signatures of sea ice is needed to properly interpret
satellite and airborne observations of the spatial and
temporal evolution of the various ice types. Central
to improving the ability to discriminate these types
is developing a quantitative description of the
influence of the physical properties of the ice on its
interaction with electromagnetic radiation over a
broad range of wavelengths to allow a consistent
comparison of imagery from the variety of available
satellite sensors. Such a capability offers the
potential to improve our ability to assess seasonal,
interannual, and long term changes in the polar ice
packs.

Of particular interest for the heat and mass
balance of the polar sea ice packs are the spatial and
temporal distribution of new and young ice types
[1]. These ice types also control to a large extent
the strength of the ice and its deformation properties
over a wide range of spatial scales.

Presently satellite imagery is available over a
very broad range of wavelengths from the visible to
the microwave regions. Significant progress has
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been made in identifying sea ice types by various
sensors; however, each sensor responds to different
ice properties and has individual limitations such
that there is no single sensor presently available that
does the job by itself. Passive microwave imagers
are sensitive to a variety of different ice types and
are not appreciably affected by atmospheric
conditions, but they are limited by their low spatial
resolution. While synthetic aperture radar produces
high spatial resolution, is quite sensitive to surface
roughness which can give rise to ambiguities in
interpretation, Spatial and temporal coverage are
also limited at present. Visible and infrared sensors
range in spatial resolution from 10 to 1000 meters
but the imagery is strongly affected by solar
elevation, cloudiness, atmospheric water vapor, and
surface roughness. All of these problems are
accentuated when investigating new and young ice
types in areas like the Arctic Basin where the spatial
extent of the features of interest is often below the
resolution limits of the satellite sensors.

Grenfell et al. [2] presented a review of passive
and active microwave results illustrating the variety
of ice types that are classified as new and young ice.
They showed that radiometric and radar
observations can be combined effectively to remove
certain ambiguities of interpretation, Elaboration of
both passive and active signatures for selected cases
of new and young ice were presented by Eppler et
al. [3] and Onstott (4] in the same volume, but the
observational results for new and young ice were
limited to a small number of.specific cases and were
not coincident with one another. Since that time
there have been several studies both observational
and theoretical bearing on these ice types
[5,6,7,8,9,10].

Because of the differing responses of the various
sensors to different ice types, a useful strategy
would be to understand how each sensor type
responds and to combine instrument specific data
sets to optimize the information retrieval. An
analysis along this line was carried out recently [11 ]
for several selected ice types which demonstrated
the utility of multisensory combinations.

To this end, an Accelerated Research Initiative
(ARI) on the electromagnetic properties of sea ice
was initiated by the Office of Naval Research. A
series of experiments was carried out at the outdoor
pond of Geophysical Research Facility at the Cold
Regions Research and Engineering Laboratory
(CRREL) in Hanover NH and on thick first-year
(FY) ice near Barrow, AK, the purpose of which
was to investigate the temporal development of the
electromagnetic (EM) signatures for a wide variety
of sea ice types. Details of the overall goals and
strategy are provided in the accompanying
overview paper in this volume [12]. The objective
of the present work is to carry out a basic
comparison of the electromagnetic signatures of
new and young sea ice types from their formation
throughout their development to first-year ice. This
should provide a basis for defining multisensory
algorithms that make use of currently available
sensors , and for formulating more effective
algorithms to guide the development and make use
of future sensor configurations.

II. ExP~RIM~~TA].PRO~RAM

In the course of the experiments, time series of
new and young sea ice EM signatures, including
microwave emissivity, radar backscatter, spectral
albedo in the visible and solar infrared, and thermal
infrared emissivity have been measured at
successive stages in the growth of the ice both under
laboratory conditions and in the field. These
observations have been accompanied by studies of
the structural properties and near surface

characteristics that influence the interaction between
radiation and the ice. This has produced a data set
that covers nearly all phases of the development of
the different types of first-year sea ice classified by
the World Meteorological Organization from open
water and new ice through thick first-year ice.

The first-stage experiment was carried out at the
CRREL outdoor pond from 19 January 1994
through 24 January 1994. An ice sheet was grown
in the under quiescent conditions to a thickness of
145 mm over a 5 day period. During this time, air
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temperatures reached as low as -35°C simulating arctic winter growth conditions that, for example,

TABLE I SENSORSAND THEIRCHARACTERISTICS

EM Symbol v- p - observation Cl- angle of incidence Instrument
Observation observation polarization

frequency
Microwave T~(v, p, 0), 1.414,2.695, Vertical(V) and 30 to 60 deg Microwave
Brightness “K 6.7,10,18.7,37 Horizontal(H) Radiometers

Temperature ,90 GHz
Microwave e(v, p, 0) 1.414,2.695, V and H 30 to 60 deg Microwave
Emissivity 6.7,10,18,7, Radiometers

37,90 GHz
Radar O(V,P, e), 5,10,35 GHz VV, HH, Oto 60 deg Radar

Backscatter dB VH, HV
Coefficient

Spectral al(e.) 400-1000 nm unpolarized nadir & zenith viewing, Spectro-
Albedo e.=solar zenith angle photometer

Thermal IR e(e) 8-14~m unpolarized 30-60 deg Infrared
Emissivity Radiometer

Optical Beam K, dB 532 nm linear vertical viewing Laser +
Penetration Radiance Detector

resulted in the release of water vapor from the ice
which formed frost flowers at several locations on
the surface. Observations with the various sensors
were made in continuous rotation to obtain detailed
temporal coverage while avoiding crosstalk between
the active and passive sensor arrays.

The second stage experiment was carried out on
the sea ice near Point Barrow AK from 17 April
tol 2 May 1994. In this experiment, thick first-year
ice was observed with the natural snow cover and
with the snow cover removed. The observations
provided a comparison with the pond results and
made it possible to establish the electromagnetic
signatures for thick FY ice. Nearly the same set of
instruments was used as for the pond experiment,
and each ice type was observed sequentially by the
full suite of instruments. Since the measurements
made during Barrow experiment are described in
detail in an accompanying paper, we show here only
selected results to complete the evolutionruy
sequence. The characteristics of the instruments
used and the types of data available are given in
Table I.

The physical physical properties which
contribute most strongly to the electromagnetic
signatures of the ice are the vertical profiles of
temperature, salinity and brine volume together with
the distributions of brine volume, brine pocket and
bubble sizes. Particulate and dissolved materials
trapped primarily in the brine pockets are typically
also present in sea ice and their absorption
properties can significantly alter the electromagnetic
signatures. These quantities were all measured
during this experiment using well established
techniques. Surface roughness can also have a
significant influence for specific sensors, but for the
cases considered here the surface roughness was
always very small.

111.OB.SERVATIONAi.DATA

Fig, 1 shows the ice thickness and surface
temperature versus time together with the brine
volume profiles measured during the growth phase.
Growth was steady throughout the experiment but
slowed continually as the ice thickened. At
approximately 13 hours after the start of the ice
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growth, frost flowers began to form on the surface
as a result of moisture released into the cold air
which then caused riming. The frost flowers
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Fig. 1, Physical properties of the ice during the growth phase. A. Ice thickness (mm) versus time; B. Air temperature
(°C) versus time; C. and D. Brine volume fraction versus depth from 19 to 20 Jan and from 21 to 25 Jan
respectively; E. Ice surface (solid line) and frost flower (dashed line) brine volume fraction versus time,

increased in size and thickness but never fully
covered the ice. Thus it was possible to study
bare and frost-flower-covered areas concurrently.
The crystallographic characteristics and the
specification of brine and bubble size
distributions for selected cases have been
presented by Perovich and Gow [13] and are not
repeated here.

In addition to the properties of the ice itself,
other absorbers are present in general. Of these
the most important for specifying the inherent
optical properties of the ice are particulate and
dissolved organic material in the seawater that
become incorporated into the ice as it grows.

Because of the overwhelming contribution to
volume scattering by brine inclusions, vapor

bubbles and ice crystals, scattering by the
particulate material is assumed to be negligible
for visible wavelengths. This material is also
neglected in our microwave models because the

particles are very small (<30Lm) compared to
microwave wavelengths, and they have a very
weak dielectric contrast with respect to the brine
inclusions. We assume the same thing about the
dissolved material because, at microwave
frequencies, it will affect the bulk properties of
the brine and the brine volume fraction very little.

Consequently, we characterize the particulate
and dissolved components by their measured
optical absorption. Presented in Fig. 2 are depth
profiles of the absorption coefficients at a
wavelength of 400 nm both for particulate,
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aP(400), and for dissolved
measured at CRREL and at

material, w(400),
Pt Barrow. Also

included are the maximum and minimum curves
for spectral absorption, atOt(k), of the bulk
medium including ice, particulate, and dissolved
material. At visible wavelengths, absorption is
dominated by the particulate and dissolved
components while in the infrared, the ice
absorption increases rapidly and becomes the
dominant absorber.
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Fig. 2. Absorption coefficients of sea ice including
embedded particulate and dissolved material. A. aP(400)
and %(400) for CRREL 94; B. aP(400) and ~(400) for
Barrow 94; C. maximum and minimum values of
atO@)for CRREL 94; and D. maximum and minimum
values of a[.l(k) for Barrow 94.

A. Passive Microwave Observations

Selected passive microwave data obtained during
the growth of the ice sheet are shown in Fig. 3.
These data consist of brightness temperatures
(TB) at frequencies from 1.4 GHz (L-Band) up to
90 GHz (W-Band). The TB values shown are
primarily for vertical polarization (V-pol) except
for the S-Band and thermal infrared observations,
which are for horizontally polarized (H-Po1) and
unpolarized radiation respectively. As seen in
prior experiments [2, 14’J the brightness
temperatures rose rapidly as the ice thickness
increased from the low initial values
characteristic of open water up to saturation levels
for optically thick saline ice. The physical
thicknesses at which the ice became optically
thick were greatest for the lowest frequency,
approximately 4-5 cm at L-band, and decreased at
higher frequencies to about 2-3 mm at 90 GHz.
Subsequent variations up to about 120 hours were
due to daily weather effects. These cdn be seen
most easily in the L-Band data.

At approximately 110 hours a light snowfall
began which deposited 2.5 cm of snow onto the
ice. This was accompanied by an upward shift in
the diurnal air temperature pattern and caused
some melting in the snow. At about 140 hours
the air temperature went through a maximum and
began to cool. The resulting spread in TB seen in
Fig. 3 was a result of the frequency dependence of
absorption in the wet snow such that the deepest
and coldest layers contributed to TB only at the
lower frequencies while the warmer upper layers
contributed at the higher frequencies,

Of particular interest is the transition from
young ice to first-year ice for the passive
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Fig. 4. Scatter plots of A. PR versus GR; and B. e(18.7V) versus e(90V) for young ice and FY ice cases. In A.
the vertices of the triangle - OW, FY, and MY - refer to the assigned “tie points” for open water, first-year
ice, and multiyear ice. Given in the legend are the sources for the various data sets. The ovals labeled
“Congel,” and “Frazil” give the location for observations of young congelation ice from five previous
experiments [TCG personal communication] and for observations of frazil ice from the CRREL 95
experiment respectively [TCG personal communication]. The large triangle in A shows the region
containing linear mixtures of open water (OW) FY ice and multiyear (MY) ice.

microwave signature interpretation, shown by the
observations plotted in Fig.’4. Fig. 4A is a scatter
plot of polarization ratio (PR=[T~(18.7V)-
TB(18.7H)]/ [T~(18.7V)+TB(18 .7H)]) versus
gradient ratio (GR=[T~(37V)-T~( 18.7V)]/
[T~(37V)+ TB(18.7V)]). Fig. 4B shows a
comparison of scatterplot results for e( 18,7) vs
e(90) for young and FY ice.

The deposition of the snow and its subsequent
metamorphism gave rise to a shift in PR from
values near 0,1 to values of about 0.025. At the
same time, the snow introduced irregular zones with
varying
resulted

structure, thickness, and grain size which
in fluctuations in volume scattering. This

spread out the FY ice cluster parallel to the e(90)
axis such that e(90) was lower for areas of greater
scattering while e( 18.7) remained essentially
unchanged, It is clear that the introduction of the
snow cover is what distinguishes young ice types
from FY ice [5,15,16].

B Active Microwave Observations

Radar backscatter observations carried out over
the first 70 hours of the experiment are shown in
Fig. 5. Nadir viewing observations at C, X, and Ka
bands show a significant decrease in backscattering

coefficient (CTo)between O and about 20 hours
corresponding to a decrease in the effective
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Fig. 5. Coherent radar backscatter observations during new/young ice growth at C, X, and Ka bands. A.
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permittivity of the ice/water system. This was
accompanied by a strong increase at a nadir angle of
25° as the ice thickness increased and the character
of the surface developed. This occurred over about
the same time interval as the increase in TB at the
same frequency bands. Cross-polarized values
ranged from 5 to 10 dB below the like-polarized
values.

Observations were also made at 5 GHz [Fig. 6.] of
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initial ice formation. These observations showed a
decrease with time due to a decrease in the near
surface brine volume. Superposed on this was a
diurnal signal associated with period solar heating
of the ice that modified the near surface brine
volume. A detailed study of this phenomenon has
recently been published [17]. The diurnal signal is
also apparent in the passive microwave results with
a magnitude of 8- 10K. The angular dependence of

o at hours 20 and 40 showed a decrease of about
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Fig. 6, Backscattering coefficients (CJo)at C-band during ice growth.
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angle of 35°; B. Multipolarized results at a nadir angle of 50°; C. Angular dependence at hour 20; and D.
Angular dependence at hour 40. The center frequency was 5 GHz, the bandwidth was I GHz, and the
instrumental beamwidth was 12°.

8 dB between 20° and 55° for like-polarizations.
At 20 hours, the cross-polarized signal was 6-9
dB below the like-polarized value. At 40 hours
this difference had increased to about 10-12 dB,
At the same time the like-polarized values
decreased 2-3 dB at 20° but remained about the
same at 55°. This suggests that the surface had
become slightly smoother and that volume
scattering is present. It appears that the two sets
of radar results are consistent. For like
polarization, the uncertainties appeared to be 2-3
dB for the values shown in Fig. 5 and about 1 dB
in Fig. 6.

C. Albedo Observations

The temporal development of spectral albedo

(cxh) during the ice growth is shown in Fig. 7.
The lowest values, observed for new ice, were
approximately 0.08 across the spectrum with a
slight maximum at 500 nm. As ice thickness
increased, CXLincreased at all wavelengths, with a
maximum at about 550 nm. The highest values
for bare ice were measured at a thickness of 145
mm.

1.0 .
a

0.8- :
_.+-.+ .-.+ —+ —+ —+ —+_+-++_+ ~ol-

300mm lce+85mm snow ‘...& +

0.0 ~ I
400 500 600 700 800 900 1000 1100

Wavelength,nm

Although ULhad not yet reached saturation, ice
growth in the pond slowed considerably and
surface modification had begun to develop, so the
sequence was terminated at that point. The solid
curve for 300 mm ice covered with 85 mm snow ,
was obtained on a thicker sheet grown just prior
to the growth experiment. The major difference
between the two cases is the influence of the
highly scattering snow layer.

This is representative of the change that takes
place during the transition from young ice to first-
year ice, although the underlying ice is usually
thicker in field situations.

D. Thermal Infrared Observations

Thermal infrared (TIR) emissivities were
obtained concurrent y with the passive microwave
data, Since the range of observed values is
comparable to the uncertainties, we present
examples for characteristic surface types (Fig. 8)
rather than a time sequence. The lowest values
obtained were about 0.98 for bare new ice with a
high salinity surface layer and for ice with a
melting surface, For all other surface types,
values ranged from 0.99 to 0.996 showing a trend
for increasing mean values and reduced
uncertainty with increasing ice age/thickness.
The principal physical effect was due to the
presence of a smooth thin liquid layer on the new
and melting ice that increased the Fresnel
reflectivity of the surface and thus lowered the
emissivity. The rougher or granular natural
surfaces for which this layer was absent had
higher emissivities.

Fig. 7. Evolution of spectral and total shortwave
albedo from Young Ice to FY Ice during
CRREL 94. Clear skies, 0,., = 60°. Ice
thickness in mm is indicated in the legend.
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Warren [18]. For pure ice they have been
computed from the data of Salisbu~ et aL
[19].

Shown for comparison are spectrally averaged
values for snow from Dozier and Warren [18]
together with emissivities for ice determined from
the results of Salisbury et al. [19]. The latter
calculations are for pure ice with a smooth upper
surface, however, they should apply reasonably
well to saline ice because the dielectric properties
of ice and brine do not differ strongly between 8
and 12-14 microns. Indeed the theoretical results
are consistent with observations in both cases,

E. Comparison of Pond and Field Data

In an effort to compare data obtained in the
field and at the pond, we show in Fig. 9 selected
passive microwave and spectral albedo results.
For the passive microwave, each of the points
represents an average of over 20 sites. For both
bare and snow covered ice the points in the PR-
GR plot coincide to within one standard
deviation. The spectral albedos show about the

same increase with the addition of a snow cover,
but the paired curves for bare and snow covered
ice are
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Fig. 9. Comparison of CRREL 1994 pond results
and field data from Barrow 1994. A. passive
microwave PR-GR observations. The error bars
denote one standard deviation; B. Spectral albedo
observations; C. Radar backscatter spectra at 27°
nadir angle. Average of wv and 6HHwith rms error.

significantly different, particularly at wavelengths

sigevolA

less than 700 nm. As a result the pond-ice
appears “greener” than the natural ice. This is
likely due to the enhanced concentrations of
absorbing particulate and dissolved materials
trapped in the ice (Fig. 2B). While the ice near the
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surfdce of the pond ice exhibited absorption
coefficients at 400 nm comparable to those
measured in the field, but the absorption
coefficients remain elevated throughout the pond
ice column compared to those measured in the
Barrow ice core. The entrapped material,
consisting primarily of particulate, was
characterized by large absorption coefficients in
the ultra violet which decreased exponentially
towards the red end of the spectrum. This is
characteristic of particulate organic material [20].
In combination with the absorption coefficients
for pure ice [21, 22] these organic materials give
an absorption minimum between 550 and 600 nm
compared to 450 to 500 nm for the Barrow ice
(Fig. 2B). Consequently, the albedo differences
between the pond and field experiments appear to
be due, in large part, to the differences the
spectral absorption coefficients.

For the visible wavelengths the ice is not
optically thick and thus the physical thickness of
the ice is important.. The optical properties of the
underlying water column can also can alter the
albedo primarily for the thinner ice types. In
addition, the pond ice was characterized by a
much thinner surface granular layer compared to
that of the thick FY ice (<2 cm versus 8 cm) This
would result in additional reduction of the optical
thickness for the pond ice relative to the FY ice.
At longer wavelengths, however, where the ice is
optically thicker the albedo curves are quite
similar. Consequently, the differences between
the pond and field experiments appear to be due
the differences in the thicknesses of the ice and
snow layers and to variations in the inherent
optical properties. This is consistent with the
modeling results in the next section.

The radar backscatter results for the pond and
the field are not significantly different at 35 GHz.
For the pond case, however, a“ drops off more
steeply with decreasing frequency than for the
Barrow observations. This can be explained by
assuming that at Barrow there was surface
roughness with a horizontal correlation length in
the centimeter and larger range resulting in a

rather gradual increase with frequency, while at
the pond there was only very small scale
roughness which increases strongly with
frequency. This is consistent with the observed
degrees of surface roughness in the two
experiments.

IV. Ttwmuzmc!m MIXYSLING

1. Microwave Emission

Several different models are applied below
whose optimal application depends on the
wavelength range and type of observation under
consideration. Each of these models is described
in more detail in accompanying papers in this
volume [23,24]. In all cases, however, the
physical properties of the ice were constrained by
detailed characterization of the physical

properties of the ice and of the ambient thermal
and radiative environment which were measured
concurrently [25]. Although the individual
models contain certain parameters, which were
not measured and thus had to be estimated, the
above constraint provided a common connection
among the models.

To investigate the passive microwave
signature transition from bare young ice to first-
year ice, we applied a multilayer strong
fluctuation theory (SFI’) model. This is a wave
model that represents the ice and snow as
effective random media where the vertical
variations in brine volume and density, and hence
relative permittivity and scattering properties, are
represented by a series of discrete interacting
layers [5]. The model represents young ice as a
homogeneous layer covered with a 25 mm thick
slush layer. The slush was was allowed to cool
from -5°C to -20”C, as observed, and the
corresponding value of PR decreased from 0.12 to
0.047. Adding 10 mm of dry snow and decreased
PR to 0.031 and allowing the cooling to continue
to -250C reduced PR to 0.021. Throughout this
sequence, shown in Fig. 10, GR decreased
slightly from 0.009 to 0.001 as a result of the
slight increase in volume scattering. These values
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spanned the observed range of variation for the
transition from young ice to first-year ice.

An alternate study of the same transition using
a multilayer Fresnel model [26] produced similar
results, as shown. In that case the young ice was
modeled as having a surface brine slick with a
brine volume of 20% that decreased upon
cooling. When PR reached 0.8, a layer of frost
flowers was introduced which increased in
density and wicked up brine from the surface
reaching a final PR value of 0.04. In this case GR
the values were essentially constant at 0.003.
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Fig. 10. Theoretical model results of the transition of
the passive microwave PR-GR signature from young
to FY ice. Results for the SFT model are given by
the diamonds. The muhilayer Fresnel results are
indicated by inverted triangles. The ovals indicate
the observed regions for young frazil, young
congelation, and first-year ice respectively.

In order to achieve the decrease in PR, it was
necessary in both cases to introduce a low density
layer at the surface. This layer produced a more
effective impedence match that reduced the
coherent reflectivity at both V- and H-pol thus
reducing PR. This is consistent with the
observations of young ice and FY ice, where the
young ice has a high-salinity slushy surface layer
and ice with a FY signature has a continuous
snow/frost layer several cm in thickness.

3, Visible/Infrared Albedo

To investigate the spectral albedo observations
a four-stream multilayer discrete ordinates
radiative transfer model was applied. This model
has been used successfully in studies of Antarctic

snow [27] and has been designed specifically for
use with sea ice [28]. Between 3 and 7 layers,
depending on the total thickness, were used to
represent the vertical variations in inherent optical
properties of the ice and snow.
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Fig. 11. Comparison of Radiative Transfer model
calculations with spectral albedo observations
versus ice and snow thickness: A. bare ice from 4
mm to 145 mm thickness; B, 300 mm thick ice with
85 mm snow and 85 mm of snow plus 2.5~g
sootlgm.

The comparison for five individual cases is
shown in Fig. 11. In each case, the presence or
absence of a cloud cover was taken into account
explicitly in the calculations. The ice structure
was specified by the observed absorption, salinity,
temperature, density and embedded material
profiles [13,29]. For the bare ice cases, initial
comparisons underestimated the albedos across
the spectrum for all but the 4 mm thick ice. The
discrepancy was typically 0.02 between 400 and
600 nm but increased to almost 0.2 at 1000 nm.
In order to account for this, we assumed the
existence of a frost or trace snow layer on the
surface between 0.5 and 0.9 mm in thickness.
Such a layer would not be readily visible and was
consistent with occasional light snow flurries
which occurred during the experiment.

The resulting fits were achieved using the
observed constraints on the ice structure. On
average the agreement was acceptable; however,
the wavelength dependence was unrealistic.
Adjusting the physical properties of the ice
withing the observational uncertainties did not
improved the agreement significantly, and it was
necessary to incorporate the absorption
coefficients of the entrapped material, shown in
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Fig 2. The results are shown in Fig, 11 and fit the
observations much better particularly from 400 to
500 nm.

For the thicker snow covered ice, the
observations could not be explained with an 8.5
cm thick layer of pure snow. Reducing the layer
thickness to 2.5 cm produced a very good match,
but this was not consistent with the actual snow
thickness. By assuming the presence of small
amounts of soot in the snow scavanged out of the
atmosphere we were able to explain the
discrepancy. Using the optical properties for soot
of Warren and Wisbcombe [30], a concentration
of 2.5 micrograms per gram matches the
observations quite well. Although the soot
concentration in the snow was not measured, and
observed albedos would vary with differing

vertical distributions of the soot, 2.5 pg/gm is not
an unreasonable level for the pond environment.
Embedded impurities in the ice were included in
the calculations but produced an albedo change of
less than 0.01 at 400 nm,

V. COMPARISON WITH OTHER
0BS13RVAI’IONS

To indicate how representative the present
results are of sea ice in general, it is useful to
relate them to observations collected during other
experiments on similar ice types. An alternate
evolutionary sequence occurs, for example, when
sea ice grows in wavy, wind-roughened water
producing frazil and then pancake ice. While a
detailed treatment of this topic is provided by
Onstott et al. [31] in this volume, it is an
important component of the signature evolution,
and some mention of the differences is
appropriate in the present context.

Fig. 12 shows scatter plots of microwave
emissivity at 18.7 and 37 GHz for vertical
polarization during the growth of pancake ice at
the CRREL pond in 1995 and congelation ice
from 1994, The two sequences are different
during the early stages, to thicknesses of a few
cm, but they converge as the ice grows thicker to
the values found for first-year ice. This indicates
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Fig. 12. Scatter plot of e(l 8.7,V-pol) versus e(37,V-
pol) for congelation and frazil/pancake ice during the
development from open water to young ice. FY ice
region enclosed by the ellispe is included for
reference.

that although there are significant differences in
ice salinity and in surface roughness, these two
situations converge to almost the same
emissivities and retain these values throughout
the growth of FY ice.

A related comparison is given in Fig. 13 for
scatter plots in PR-GR space. This plot combines
results from the present experiments with
previously reported results for similar ice types
[5, 15, 16,32]. The evolutionary paths are again
quite different for congelation and frazil/pancake
ice types. As above both sequences quickly
converge into confined regions indicated by the
ellipses. In this case, however, the PR values are
about 0.04 greater for the pancake ice so the
difference is due to variations in e(H-pol).

A sensitive indicator of the volume scattering
properties of sea ice at visible wavelengths is the
beam attenuation. This quantity relates directly to
the attenuation of a direct solar beam under clear
skies. During experiments conducted in January
1993 and 1994, beam transmission observations
were made. Although we do not have a detailed
series during the 1994 experiment, the data from
the previous year for similar ice growth
conditions provide a picture of temporal
evolution.
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The data were obtained over a range of ice
thicknesses using a Nd:YAG laser mounted
beneath the ice together with a 2° field-of-view
radiance detector positioned 2 cm above the ice,
In 1993, measurements were made during the first
40 hours of ice growth until the ice reached at
thickness of 56 mm. The beam transmission of
the ice layer versus ice thickness together with the
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beam attenuation coefficients derived for three
separate growth intervals is shown in Fig. 14.
After the first four hours of ice growth the beam
transmission had decreased to - 16.4dB (TiC~ =
0.0229) implying an average beam attenuation
coefficient (Kh~) of 3.8 cm-l. Between
thicknesses of 10 and 25 mm, K~a~ decreased to
1.6 cm-’ and at the end of the sequence it had
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Fig. 13. GR-PR data from various experiments showing the signature evolution from open water through young
ice for both congelation (A) and pancake ice (B). The ellipses show the regions of convergence for young ice.

reached 0.4 cm-l. In 1994, the measurements E
c

were repeated but only for bare 310 mm thick ice. N -12
.3.8

In this case I&,~ was determined to be 0.38 cm-l,
mIn I A.532 nm

c- -16 -cm-l

very close to the value determined at the end of o.- ●*
UJ

L

K ~a,~=l .6 cm.1
the sequence for the previous year.

Uz.- -20 -
E

The general decrease in beam attenuation mc -24 -
: ::;%--4.:coefficient with increasing ice thickness is

a
E

primarily a result of the lengthening and E -28 -
m 1 9Jan-20Jan

alignment of the ice crystals giving rise to : -320 “ ,;
reduced volume scattering in the layers below the 20 40 50 60

z,C~/mm)
surface. This general relationship between optical
transmission and ice evolution during the early Fig. 14, Beam transmission for new and young ice
stages of ice growth was observed in several other of varying thicknesses at 532nm wavelength. Total
experiments and is consistent with vertical beam attenuation coefficient values for the initial
variations in the structure of the ice [13]. intermediate and final conditions are shown.

VI. DISCUSSION

The overall agreement between the
observations and models shows that even though
the model parameters were not fully constrained,
it was possible to achieve a good match between
theory and observation with reasonable values of
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the inherent optical properties that were in turn
consistent with the observed physical properties.
The model results also provide a link that
indicates consistent behavior among the assembly
of different sensors for the ice types considered
here.

Another important benefit of the present model
comparisons is to identify the aspects of the
structure that are important for the variations
observed by the different sensors. For example,
in the visible and near infrared the dominant
factors are the ice thickness, the brine volume
profile, Vb(z), the snow thickness, the snow grain
size, and the absorption by entrapped material.

The observed albedo maximum occurred at
600 nm in the pond cases considered here,
consistent with the enhanced absorption
coefficients in the near ultra violet and blue
regions of the spectrum due to particulate and
dissolved matter. Field observations from FY ice
near Barrow indicate that the reduced
concentrations of entrapped materials in the
surface ice were accompanied by “bluer” albedo
spectra [20, 33]. In the absence of such absorbing
material, the predicted maximum albedo would
be shifted to about 470 nm for both bare and
snow covered cases as observed for snow on the
Antarctic Plateau [27 ].

Passive microwave emissivity is sensitive to
variations in the bulk dielectric properties
throughout the ice and snow and thus depends
strongly on Vb(z) - or liquid fraction. Scattering
can also be significant, primarily at higher
frequencies so the snow grain size is also
important. The relative influence of these
parameters shifts with observed frequency. At
lower frequencies, scattering by the snow grains
is negligible and the emissivity is dominated by
the details of Vb(z). The radiation penetration
depth decreases rapidly with increasing
frequency, and at 37 and 90 GHz only the
uppermost few mm or cm of the ice contribute to
the emitted radiation while volume scattering by
the snow can become substantial. Note that fine
grained new snow produces rather little volume

scattering and grain metamorphism gives rise to
the situations where volume scattering is strong
[27,34]. A more detailed quantitative
investigation of the role of a snow cover on the
microwave signatures of sea ice is presented by
Barber et al. [35] in this issue.

The radar backscatter at nadir incidence also
depends primarily on the dielectric structure of
the ice, but its modulation also includes a
substantial contribution from surface and
interface roughness in addition to volume
inhomogeneities. At oblique incidence, the
surface roughness is even more important.

TABLE2 ICI#SNOWCHARACTERISTICS
Case Ice Snow asso

Thickness Thickness
1 0 mm/trace
2 4mm
3 50 mm
4 80 mm
5 135 mm
6 145 mm
7 1.7m
8 0.31 m
9 1.7m

Omm
Omm
Omm
Omm
Omm

20 mm
Omm
85 mm
0.12 m

0.05
0.11
0.26
0.37
0.40
0.45
0.58
0.83
0.91

Thermal infrared emissivities depend only on
the physical properties of the upper surface,
primarily the geometry of the surface layer rather
than the presence or absence of a surface brine
layer or particulate or dissolved materials. This is
because the radiation penetration depth near 10
pm is on the order of 10-2mm in ice. Thus the

t 1

a
5s0
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Fig. 15 Selected microwave emissivities [e(90V)
filled circles, e( 18.7V) filled up triangles, e(2.6V)
filled down triangles, e( 1.4H) filled diamonds],
infrared emissivity [filled squares], @OO[open up
triangles] and ctlm [open down triangles] versus CX5W
for all ice cases specified in Table 2.

dominant determining factor is surface roughness
for bare ice or scattering by the uppermost layer
of grains in snow. The observations indicate that
the emissivity is lowest for the smooth surfaces
and that even a small amount of roughening raises
the values very close to 1.0.

To illustrate the extent to which the
observations correlate with the albedo at a
wavelength in the middle of the visible region, we
show in Figures 15 and 16 plots of selected sets
of electromagnetic data versus CX550.The set of
ice cases available for the comparison are
described in Table 2 along with the corresponding
U550values. These cases range from growing bare
new and young ice (cases 1-5) to thick FY ice
with and without its natural snow cover (cases 7
& 9). Cases 6 and 8 are thicker pond ice with a
snow cover.

Table 3 gives the correlation coefficient, R, for

the observations shown in Fig. 15 relative to ct550
in order of decreasing correlation coefficient, R.
The albedo at 400 nm correlates most strongly,
which is consistent with predictions of the
radiative transfer model. cxlm shows a somewhat
lower correlation because it depends only on the
ice conditions in the upper few centimeters rather
than throughout the full ice thickness.

TABLE3 INTERSENSORCORRELATION
COEFFICIENTSRELATIVETo cxsso

Channe R Probability that
1 R=O

woo 0.997 <0.0001
e(2.6V) 0.984 0.0003

cqooo 0.938 0.0002
e( 1.4H) 0.849 0.033
e(18.7V 0.58 0.10

)
e(TIR) 0.55 0.12

e(90V) 0.036 0.93

Passive microwave emissivities correlate less
strongly with albedo as the frequency increases,
the result of decreasing penetration depth of the

radiation. Our present results suggest that low
frequency radiometry in the L and S band range
would be best suited to predict cx550 and
presumably ice thickness as well up to a
saturation thickness, approximately 20-50 cm
depending on ice salinity. Unfortunately, we do
not have L and S band results for the thick snow
covered ice cases. Previous results [2,14,36]
indicate, however, that these frequencies are not
sensitive to snow cover and that the subsequent
behavior of the emissivity depends on the
evolution of the brine volume profile.

The correlation at 90 GHz is calculated to be
very weak because the positive correlation for
thin bare ice is offset by an anticorrelation for
thicker snow-covered ice. This arises because in
the initial growth stages both albedo and
emissivity increase together, but the snow cover
and evolving structure of the upper layers of the
thicker ice produce increased volume scattering
which reduces e(90) but increases the albedo.
e(TIR) depends only on the conditions at the
surface and is very close to unity in all cases.
Since the uncertainty in these variations is
typically smaller than the experimental
uncertainties (see Fig. 8) we have not attempted
to refine the correlation analysis at this point.

%
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incidence at C-band (diamonds), X-band (up
triangles), and Ka-band (down triangles) versus a550
for the six ice cases indicated. The curve designations
correspond to those in Fig. 15.

The situation with respect to the radar results
is somewhat different. During new/young ice
growth, 6°(250) increases with cx550,as do the
microwave emissivities, and there is a strong
correlation between a“ and albedo; however, the
correlation becomes very weak for the thicker ice
types. This behavior is a result of changes in the
surface roughness that occur throughout the
growth and development of the ice. Saturation
with respect to ice thickness occurs for ziC~
slightly greater than 50 mm.

For the thick and snow covered ice values of
O“ depend on how large the scatterers are and on
the layer structure of the upper part of the ice and
the snow. Case 8, for example, show very low
values of 6° at C-band with a rapid increase at
higher frequencies characteristic of a Rayleigh
scattering response for a snow grain size that is
small compared to the wavelength. Case 9, also a
snow covered site, shows quite different behavior.
Here our model results indicate that the snow acts
as an impedence matching layer because it
contains a dielectric gradient due to vertical
salinity and density gradients in the snow. This
reduces the effective reflectivity of the system.
As a result, PR decreases, as described above, and
much of the radar wave is transmitted into the ice
that would be backscattered if the dielectric
discontinuity were more abrupt.

PtUNCW~LCOMPONENTANALYSIS

In order to explore intercomparison of sensors
to determine optimal combinations that span the
data set defined in Table 2, a principal component
analysis (PCA) was carried out. The set of cases
was chosen such that all the spectral albedo
observations were included. The analysis was a
supervised PCA [37] of a small but well defined
data sample. Since not all sensors were used for
all 9 cases, several separate analyses were carried
out on sub-sets of the data,

Because of the small data set available, which
leaves out a number of natural ice types, we
employ this technique primarily to indicate which
combination of sensors would be most effective
on the basis of the present data set in
distinguishing ice type. Rather than presenting a
specific algorithm, we present combination of
channels suggested by the analysis which span the
present data space efficiently. To test whether
these combinations are effective for general
remote sensing, they should be applied to larger
data sets such as those produced by aircraft and
satellite scans.

In Table 4 we present results from 5 separate
PCA analyses showing parameters for each
sensor that can be used to form a linear
combination which approximates the particular
principal component. The table gives the range of
cases included in each analysis as specified in
Table 2, the sensors for which data are available
for that case, the first 3 principal components, and
the fraction of the total variance explained by
each, and the channels that can be combined to
represent each principal component. The
channels include a in the visible and near infrared
(VIR), e for the passive microwave (PMW), and
scaled backscatter coefficients, as, for the active
microwave (AMW). The scaling is such that o,
covers approximately the same dynamic range as
albedo and emissivity.

Linear combinations of the sensor channels
given are designed to discriminate effectively
among the different ice types. When an “or” is
specified, it implies that intermediate wavelength
or frequency observations can be substituted with
essentially no degradation in precision. An ice-
type algorithm based on this information would
use as variables the linear combinations of the
sensor channels for each principal component for
a given case. The coefficients of the linear
combinations would be determined using the data
set under analysis.

The PCA analyses indicate that a variety of
sensor combinations can resolve the growth of
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new and young ice. The deposition and subsequent development of a snow cover also

TABLE4 SENSORCOMBINATIONSINDICATEDBY PCA ANANLYSN
Range Sensors Principa YO of Total VIR PMW AMW

of Cases Available 1Comp. Variance
Explained

1-9 VIR & high #1 79.5 *or Cx550 e(18.7) or e(37) n.ac
freq. PMW #2 15.4 a400or Cx550 -e( 18.7)or -e(37) n.a.

#3 2.6 [asso - %col [e(18.7V)-e(6.7V)]or n.a.
[e(l 8.7V)-e(l 8.7H)]

1-6 VIR & #1 66.5 m or a550 e(H-pol) or PR n.a.
all PMW #2 31,5 [w - Ulm] or e( 1.4H)-e(6.7H)or n.a.

[a550 - CXIOd e( 1.4H)-e(l 8.7H)
#3 1.3 a400or a550 e(6.7)-e(90) ma.

1-3, VIR & AMW #1 87.6 a.wOor a550 n.a, o,(X) or cJ,(Ka)
7-9 #2 8.9 alm ma. -U,(C)or -G,(X)

#3 2.7 [% - ctlm] or n.a. [cr,(Ka)- cr,(X)]or

[a550 - mod [(J,(X)-a,(c)]
1-3, VIR, high freq. #1 78,7 w or a550 e(18.7) or e(37) G,(X) or @Ka)
7-9 PMW, #2 16.7 m or a550 [e(90) - e(6.7)] -o,(X) or -@Ka)

AMW #3 2,8 [Q- md or [e(90) - e(37)] [cr,(Ka)- cr,(X)]or

~ [a,(x)-o,(c)]
1-3, High freq. #1 85.8 n.a. e(H-pol) or PR G,(X) or o,(Ka)
7-9 PMW, #2 10.9 n.a. [e(37) - e(6.7)] [cr,(Ka)- G,(X)] or

AMW [G,(x) - a,(c)]
#3 2..5 [C5,(Ka)- o,(X)]n.a. [e(90) - e(37)]

Recommended avis e(intermed. freq.)or PR +0,

[WIS- wd [e(low freq.) - -0,
e(inter.freq.)]

[a550- aim] [e(90) - e(37)] [O,(high) - (JJlow)]

produces clear changes most notably due to its sensors spans a wide range. Where sensors

effect on spectral albedo but also- due to the correlate well, one sensor can be used to predict
responses of the passive and active microwave. the response of another. Of particular interest is
Thus we have been able to resolve the growth and predicting ice albedo, which appears possible for

development of the full range of ice cases studied bare ice. Snow cover, however, affects albedo
here. -

VII. C(N’LL!S1ONS

The multifrequency multisensory data set
presented here shows the evolution of the
electromagnetic signatures of sea ice from
formation to thick FY ice. Due to the large range
of penetration depths at different observational
frequencies, the signatures of the various sensors
respond to changes at various levels in the
evolving ice. As a result, the correlation among

more strongly than the other sensors, and appears
to be anticorrelated in some cases, thus it is
difficult for microwave sensors to predict albedo.
This implies, however, that microwave and
visible/IR sensing used together should be useful
in predicting the existence and some properties of
the snow.

Theoretical models for the visible, infrared and
microwave regions have produced good
agreement for a number of cases. They show that
it is necessary to consider the vertical structural
variations in the ice and snow to produce a
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consistent picture over the broad range of
wavelengths and active/passive sensors available
here. Theresults forthevisible andneminfrmed
show that the ice and snow were not pure and that
the effects of particulate, dissolved material and
soot were significant, The direct effects of these
embedded substances at infrared and microwave
frequencies should be negligible because they
would not perturb the bulk dielectric properties of
the ice or snow and the size of the particles were
too small to scatter significant amounts of
radiation, Indirect effects are possible, where the
embedded material could alter the brine volume
through chemical reactions or through
enhancement of the solar heating. For the present
cases, however, these effects are assumed to be
negligible.

Principal component analysis has proved
useful in analyzing the multidimensional structure
data set and makes it possible to suggest
multisensory combinations which should improve
the ability to resolve ice type via remote sensing.
The present conclusion are based on near surface
measurements do not take into account the
influence of cloud cover and other environmental
factors which limit the ability to observe the
surface via remote sensing.

In cases where direct comparisons have been
made bet ween field and pond observations, the
structure and electromagnetic signatures of
corresponding ice types in the field and those
grown at the GRF pond facility are essentially the
same. Salinity and density profiles are very
similar, and the air temperature regimes cover the
same range (-5 to -30°c). In cases where
differences in EM signatures are observed, they
can be explained via the models as resulting from
well understood physics principles such as
differences in ice thickness, snow thickness or
penetration depth. We conclude that the
information gained during the pond experiments
can be compared in a meaningful and useful way
with the field results to study the signature
behavior of new and young ice types.
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